Abstract
Introduction
In recent years, studies on human myocytes have made available a large number of data on the gating properties of many channels, thus providing the information necessary for the development of in silico models of human action potential (AP). These models have been used to study several pathophysiological mechanisms linked, in particular, to the occurrence of cardiac arrhythmias. In this study such in silico approach have been applied to the analysis of the electrical activity of ventricular cells under conditions of uremia.
Patients suffering from renal failure often develop cardiac disturbances. More than 40% of the patients die prematurely because of cardiac complications [1, 2] . The most common cardiac disease associated with renal failure is left ventricle hypertrophy accompanied by diastolic dysfunction [3, 4] . Such uremic cardiomyopathy is linked to cardiac electrical and contractile dysfunction even at the single cell level. Albeit a number of factors have been implied in the pathogenesis of uremic cardiomyopathy the process is only partially understood.
Moreover, patients suffering from acute renal failure show an increased incidence of arrhythmic events. The origin of these alterations in myocardial electrical activity remains also poorly understood. The incidence of arrhythmic events increases especially during the hemodialysis sessions when, in order to restore a normal blood composition, the content of electrolytes in the extracellular fluid is significantly changed in a very short time interval.
Since the available computational models of ventricular cells don't include the known effects of uremic cardiomyopathy on electrical cell activity, the aim of the present study was to develop a model of an uremic ventricular cardiomyocyte in order to give a mathematical description of the effects of uremia on (1) the ionic currents, (2) the AP duration and morphology and (3) the action potential duration (APD) restitution.
In addition, the changes in ventricular electrical activity caused by hemodialysis have been analysed in this framework in order to suggest possible mechanisms responsible for the clinically observed repolarization alterations.
Methods
The Ten Tusscher's model (2006) of human epicardial ventricular myocyte (TTP06, Fig. 1 ) provided the basis for the AP simulations in this study. For a complete description of the model and its validation see [5] . Our modifications to the original formulation based on the available experimental data on the effects of uremia on several ionic currents are described below.
The maximal I NaK (Na-K pump current) was reduced by 10% according to several experimental data on red blood cells from uremic patients showing different degrees of functional deficit of the pump [6] [7] [8] [9] [10] [11] . The maximal I up (SERCA pump current) was reduced by 30% according to data from rat cardiac myocytes [12] .
Troponin

Sarcoplasmatic Reticulum
Ca lsequestrin [13] .
SS
The peak value of I to (transient outward potassium current) in conditions of uremia has been reported to be increased [14] . To reproduce this result, we increased the maximal conductance of the current from 294 to 400 S/F. Moreover we increased the time constant of inactivation, τ f , by 2 ms at all the membrane potential values and modified the expression of the steady-state activation variable r ∞ as follows: Pacing at 1 Hz was maintained until a steady AP was reached. APD was measured as the interval between the AP upstroke and the 90% repolarization level (APD 90 ). The APD restitution (APDR) was assessed by implementing the S1-S2 protocol. It consists of 10 S1 stimuli (at 1 Hz pacing rate) followed by a S2 extrastimulus delivered at some diastolic interval (DI) after the AP generated by the last S1 stimulus. The APDR curve is generated by decreasing DI and plotting APD corresponding to the S2 stimulus against DI.
The effects of dialysis on APD were simulated by imposing extracellular concentrations of the main electrolytes to the average values measured in vivo in a previous clinical study [15] . Before dialysis such values were (in mM): 1.14 Ca 2+ , 5. 
Results
The AP generated by the model of uremic cardiomyocyte is different from the AP generated by the original TTP06 model in terms of duration and morphology (Fig. 2, thick line) . In particular, transient repolarization (phase 1 of AP) is enhanced and APD is shorter in the uremic myocyte than in the normal one (277 ms vs 309 ms at 1 Hz). Through simulation the effects of each modification to the TTP06 model has been analysed. Neither a reduction in I NaK nor in I up currents has significant effects on AP (curves superimposed to the TTP06 one in Fig. 2 ). As expected, modifications to I to lead to alteration of the phase 1 of AP (transient repolarization phase) and to AP shortening (Fig. 2,  dashed line) . Because of its role in sustaining the plateau, the main effect of an alterated I CaL current is the AP shortening (Fig. 2, dotted line) .
The model predicts that the calcium transient is also affected, resulting significantly dumped, by uremia (Fig.  3) . When simulated separately, modifications to I to and I NaK cause a rise in the calcium transient, while modifications to I CaL and I up have the opposite effect. The overall result was a decrease of calcium transient (thick vs thin line in Fig. 3) .
APDR was also affected by uremia, in fact, as shown in Fig. 4 , the restitution curve of the uremic AP has a decreased slope and is downshifted for DIs longer than 200 ms. The beginning and end dialysis conditions have been then analysed. At the end of dialysis the APDR curve is dramatically changed with respect to basal conditions (Fig. 5) . In fact, APs obtained at short diastolic intervals are very short since they are characterized by the absence of the plateau phase (Fig. 6 ).
Discussion and Conclusions
In this study a model of uremic ventricular cardiomyocyte has been developed by acting on the formulations of I to , I CaL , I up and I NaK currents and applied to analyse uremia effects on the action potential.
By means of the model all the information available at present from in vitro analysis of the uremia effects on ionic cardiac currents have been integrated and it has been possible to predict the global effects on the cardiac AP.
Model predictions indicated that uremia leads to shortening of AP, because of modifications to I to and I CaL , and to dumped calcium transient, because of modifications to I CaL , I up . While the latter effect is coherent with a reduced contractility, which can be observed as clinical manifestation of cardiomyopathy, the interpretation of the former one is less clear. In fact, even if there is no consensus about the effects of uremia on the QT interval, longer QT than normal have been often reported in uremic patients suggesting a prolongation of APD at the cellular level. One possible explanation could be that macroscopic QT prolongation is more an effect of conduction slowing in hypertrophic hearts than APD prolongation at the single cell level. Moreover, at the end of dialysis APs obtained at short diastolic intervals are very short and characterized by the absence of the plateau phase. Since this phenomenon was not observed in end-dialysis simulations with the original Ten Tusscher's model (not shown) our analysis suggests it as a uremia effect. This could contribute to electrical inhomogeneity in the last stage of the dialysis session, when an increase of arrhythmia occurrence is often clinically observed [17] .
In conclusion, the present study can be considered only the first step towards the development of a mathematical model of the uremic cardiomyocyte since many other biochemical processes are involved in the pathological impact and in the compensatory cardiac response to uremia. The availability of a reliable model of uremic cardiomyocyte will be useful in order to study the mechanisms of the uremic cardiomiopathy and the risk of arrhythmic phenomena in dialysis patients.
